**Core tip:** We elucidated the anticancer mechanism of the monoterpenoid alcohol, linalool, which induces apoptosis specifically in cancer cells *via* lipid peroxidation. Electron spin resonance (ESR) spectroscopy, which enables the real-time visualization of free radicals in live cells, revealed that oxidative stress developed immediately after treatment only in cancer cells. This study demonstrated that the natural compound linalool exerted an anticancer effect without causing serious side effects, and that the further utilization of ESR may support the application of linalool as a new and cost-effective cancer therapy.

INTRODUCTION
============

Colorectal cancer is the fourth most common cause of cancer-related deaths globally, and the number of deaths has increased to approximately 700000 annually\[[@B1]\]. Chemotherapy is an effective treatments for colorectal cancer, but its side effects, such as hair loss, low blood counts, hand-foot syndrome, and neuropathy, may depress the patient's quality of life\[[@B2],[@B3]\]. In addition, the current anticancer drugs are expensive\[[@B4]\]. Therefore, efforts are underway worldwide to identify new, effective, and inexpensive anticancer compounds with fewer side effects, and several types of natural compounds have recently been recognized as possible sources for anticancer drugs\[[@B5]-[@B9]\].

This study examined the anticancer effects of the monoterpenoid alcohol linalool, which is commonly used as a flavoring agent. Linalool is found abundantly in red wine, essential oil of lavender, and coriander fruits\[[@B10]\]. Several studies have reported the anticancer potential of linalool against solid tumor cell lines, such as gastric cancer, lung cancer, skin cancer\[[@B11]\], and hepatic cancer (HepG2)\[[@B12]\], as well as several leukemia cell lines\[[@B13]\]. Some of these studies reported that linalool also exerted an apoptotic effect\[[@B11],[@B13]\], induced oxidative stress\[[@B12],[@B14]\], and exhibited immunomodulation\[[@B15]\]. However, the mechanism by which linalool exerts its cytotoxic effect has not yet been elucidated\[[@B14]\]. We hypothesized that linalool's anticancer effects are mediated through the cancer-specific generation of hydroxyl radical followed by apoptosis. We investigated the cytotoxic effects of linalool in the human colon cancer cell line HCT 116 by analyzing the cell death mechanisms and measuring oxidative stress.

We focused on the detection of instant reactive oxygen species (ROS) production by using electron spin resonance (ESR) spectroscopy. ESR is a highly sensitive and the most definitive method for the detection of short-lived ROS using the spin-trapping technique, such as the hydroxyl radical, superoxide, and hydroperoxyl radical\[[@B16]-[@B18]\]. ESR was developed in the early 1970s, and it is often used in research of ischemia-reperfusion injury\[[@B19]-[@B21]\] and oxidative stress after exercise\[[@B22]\]. The method is not commonly used in cancer biology studies, but it has potential for wide application in cancer screening and therapeutic evaluation in the near future, because it is becoming evident that both the ROS levels and redox signaling can affect the phenotypic profile of cancer cells and their responsiveness to therapeutic interventions\[[@B23],[@B24]\].

MATERIALS AND METHODS
=====================

Drugs
-----

Linalool (97% pure; Sigma Aldrich, St. Louis, MO, USA), diphenyl-1-pyrenylphosphine(DPPP) (Dojindo, Kumamoto, Japan), 5,5-dimethyl-1-pyrroline-N-oxide(DMPO) (Radical Research Inc., Tokyo, Japan), dimethyl sulfoxide (DMSO) (Wako, Osaka, Japan), and Dulbecco's modified Eagle's medium (DMEM) (Wako, Osaka, Japan) were purchased.

Animals and xenograft tumors
----------------------------

Six-week-old male severe combined immune deficiency (SCID) mice (Clea, Tokyo, Japan) were maintained in plastic cages in a temperature-controlled room on a 12-h light/dark cycle with free access to water and a standard pellet diet throughout the experiment. After an acclimation period of 7 d, the solid tumor was developed by the subcutaneous inoculation of 1 × 10^6^ HCT 116 cells on the right flank of each mouse. The mice were divided into the following three groups: control group (*n =* 5), mice treated with saline; low-dose linalool group (*n =* 5), mice treated with 100 mg/kg linalool; and high-dose linalool group, mice treated with 200 mg/kg linalool (*n =* 6). Seven days after tumor injection, saline, low-dose linalool, and high-dose linalool were administered orally *via* gavage every 3 d in a volume of 25 μL. All the animals were sacrificed 21 d after tumor inoculation. The serum levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were detected. All animal experiments were performed in a humane manner after approval from the Institutional University Experiment Committee of the University of Tsukuba (protocol number: 15-254).

Cell culture and viability
--------------------------

Human colon cancer cell lines, *e.g*., HCT 116, and a human fibroblast cell line CCD18Co were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA) and subdivided into multiple tubes for stocking in liquid nitrogen. HCT 116: a human colon cancer cell line that is commonly used to study cancer invasion and tumorigenesis (passage 4), WiDr: colon adenocarcinoma cell line established from a 78 year old female (passage 6), RKO: a poorly differentiated colon carcinoma cell line (passage 4), HCT-15: a quasidiploid human colon cancer cell line (passage 6), SW480: established from Dukes' type B, colorectal adenocarcinoma cells (passage 5), and CCD18Co: a human fibroblast cell line used as a substitute for normal cells (passage 6), were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with inactivated 10% fetal bovine serum and 1% penicillin/streptomycin. All cells were cultured in a 5% CO~2~ cell culture incubator at 37 °C.

Cell viability was examined using the Cell Counting Kit-8 (Dojindo, Kumamoto, Japan), according to the manufacturer's instructions. Cancer cells ware seeded in a 96-well dish at 3000 cells/well, incubated overnight, and incubated with different concentrations of linalool for 24 h. The medium was replaced with the medium containing 10% WST-8, and the cells were incubated further for 2 h. The absorbance of each well at 450 nm was measured by a SUNRISE Rainbow microplate reader (TECAN, Groedig, Austria).

Apoptosis assays
----------------

The In Situ Cell Death Detection kit(Roche Diagnostics, Basel, Switzerland) was used to detect apoptosis in the cell culture. HCT 116 cells were seeded at 3000 cells/well onto Lab-Tek II Chamber Slides (Nalge Nunc International, Tokyo, Japan) and incubated overnight. Cells were incubated with linalool (0, 100 μmol/L) or 50 nM staurosporine as a positive control for 24 h. Cells were incubated with the terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling (TUNEL) reaction mixture according to the manufacturer's instructions.

A flow cytometer (Muse Cell Analyzer) and Muse Annexin V & Dead Cell Kit (Merck Millipore, Darmstadt, Germany) were used for quantitative analyses of live, early and late apoptosis, and cell death in suspension cell lines. HCT 116 cells were seeded at a density of 1 × 10^5^ cells per dish (diameter, 6 cm) and incubated overnight. Cells were incubated with different concentrations of linalool (0, 10, 100, 1000 μmol/L) and 50 nM staurosporine as the positive control for 24 h. Cells were prepared with Annexin V and Dead Cell reagent according to the manufacturer's instructions, and the samples were evaluated using the MUSE analyzer with the appropriate thresholds for cell size and apoptotic profile.

Lipid peroxidation test using the diphenyl-1-pyrenylphosphine assay
-------------------------------------------------------------------

HCT 116 cells and CCD18Co cells were seeded at a density of 3000 cells/well each onto Lab-Tek Chambered Borosilicate Coverglass Slides (Nalge Nunc International, Tokyo, Japan) and incubated overnight. CCD18Co cells were used as a normal cell control. diphenyl-1-pyrenylphosphine (DPPP) (5 mmol/L) was dissolved in DMSO, and the solution was diluted using DMEM without Phenol red or FBS. The final concentration was adjusted to 50 μmol/L. A volume of 500 μL of the solution was added to each well and incubated for 10 min. Cells were incubated with different concentrations of linalool for 2 h. The oxidation of DPPP was monitored using KEYENCE BZ-X700 (Keyence, Osaka, Japan). Wavelengths of excitation and emission were set at 352 nm and 380 nm, respectively.

Electron spin resonance spectroscopy
------------------------------------

HCT 116 cells were cultured on rectangular cover slides and incubated overnight. Cells were incubated for 15 min with different concentrations of linalool (0, 250, 500, 1000 μmol/L) and were immersed in a culture medium with 5 mmol/L respiratory substrates (succinate, glutamate, and malate), 5 mmol/L nicotinamide adenine dinucleotide (NADH), and 10 mmol/L DMPO. Immersed-slide glasses were placed on the tissue glass and measured using the EPR apparatus for 10 min, 30 min, 1 h, and 2 h after treatment. All spectra were recorded using a JEOL-TE X-band spectrometer (JEOL Ltd., Tokyo, Japan) and analyzed using Win-Rad Radical Analyzer System (Radical Research, Inc., Tokyo, Japan).

Histological and immunohistochemical assays
-------------------------------------------

Immunohistochemistry for 4-HNE was performed in all samples as follows. Paraffin was removed with xylene, and endogenous peroxidase was blocked in tissues using 3% of H~2~O~2~ in methanol. All tissue sections were pretreated in citrate buffer (pH 6.0) for 10 min at 100 °C in a microwave oven. Nonspecific binding sites were blocked using 10% BSA before incubation with the primary antibody. Slides were washed, incubated with biotinylated secondary IgG for 30 min and exposed to a biotin-peroxidase complex.

Statistical analysis
--------------------

Statistical analysis was performed using GraphPad Prism 5. Significant probability (*P* value) was calculated using ANOVA followed by Dunnett's test. The results are expressed as the mean ± SD, and *P \<* 0.05 was considered statistically significant.

The statistical methods of this study were reviewed by Isao Muraki, MD, PhD, an epidemiologist in the Department of Cardiovascular Disease Prevention, Osaka Center for Cancer and Cardiovascular Disease Prevention.

RESULTS
=======

Linalool induces apoptosis in human colon cancer cells
------------------------------------------------------

Phase contrast microscopy was used to observe the morphologic changes of HCT 116 cell line, and the WST assay was performed for each cell line to evaluate cytotoxicity after exposure to linalool. Cancer cells exhibited rapid proliferation under control conditions (Figure [1A](#F1){ref-type="fig"}). In contrast, cancer cells stopped proliferating after treatment with 250 μmol/L linalool and exhibited fragmentation of chromatin, bleb formation on the cell surface, and shrinkage, which are representative of apoptosis (Figure [1B](#F1){ref-type="fig"}). We observed a dose-dependent increase in the cytotoxic effect of linalool in all cancer cell lines and fibroblast cell lines, but the cell viability of CCD18Co was suggested to be higher than that of HCT 116 at 100-500 μmol/L (Figure [1C](#F1){ref-type="fig"}). Micrographs of HCT 116 cells treated with different linalool concentrations for 24 h revealed shrinkage of cells and tightly packed organelles at concentrations over 100 μmol/L (data not shown).

![Anticancer effect of linalool. A: HCT 116 cells in the control group showing rapid proliferation; B: HCT 116 cells treated with 250 μmol/L linalool for 24 h showed shrinkage of cells and tightly packed organelles; C: A dose-dependent increase in the cytotoxic effect of linalool was observed in all cancer cell lines. Values are expressed as mean ± SD (*n* = 3).](WJG-22-9765-g001){#F1}

TUNEL staining was performed using HCT 116 cells to clarify the mechanism of linalool cytotoxicity. The cells were divided into the following three groups: control, linalool, and staurosporine groups. The corresponding percentages of TUNEL-positive cells were 0.7% ± 0.7% (Figure [2A](#F2){ref-type="fig"}), 10.5% ± 7.7% (with 100 μmol/L linalool treatment; Figure [2B](#F2){ref-type="fig"}), and 25.1% ± 11.2% (with 100 μmol/L staurosporine treatment; Figure [2C](#F2){ref-type="fig"}). The percentage of apoptotic cells in each group is shown as a column graph with error bars (Figure [2D](#F2){ref-type="fig"}).

![Anticancer mechanism of linalool. A: TUNEL staining of HCT 116 cells in the control group; B: Staining of HCT 116 cells treated with 100 μmol/L linalool; C: Staining of HCT 116 cells treated with 50 nmol/L staurosporine. The corresponding percentage of TUNEL-positive cells (white arrow) was 0.7% ± 0.7% (A), 10.5% ± 7.7% (B), and 25.1% ± 11.2% (C); D: The percentage of apoptotic cells in each group (mean ± SD, *n* = 10). ^a^*P* \< 0.05 *vs* control group; ^b^*P* \< 0.05 *vs* 100 μmol/L linalool group; E: Flow cytometry using Annexin V for the detection of live cells, cells showing early and late apoptosis, and cell death; F: Percentages of early and late apoptosis fraction. ^c^*P* \< 0.05 *vs* control group; ^d^*P* \< 0.01 *vs* control group; ^e^*P* \< 0.05 *vs* control group; one-way ANOVA followed by Dunnett's test, *n* = 3.](WJG-22-9765-g002){#F2}

The Annexin V assay was performed for a further quantitative analysis of live cells and cells showing early and late apoptosis, and cell death. Figure [2E](#F2){ref-type="fig"} and 2F shows the percentage of gated cells in each quadrant, and the data revealed a dose-dependent increase in cells in early and late apoptosis phases.

These results clearly demonstrated that linalool induced apoptosis of human colon cancer cells in a dose-dependent manner *in vitro*.

Linalool inhibits the growth of human xenografted tumor mouse model without side effects
----------------------------------------------------------------------------------------

A human cancer xenografted mouse model was established, and linalool was administered orally to investigate whether linalool exhibited an anticancer effect *in vivo*. Treatment with linalool caused a decrease in the size and weight of subcutaneous tumors (Figure [3A](#F3){ref-type="fig"}). And the difference in the resected tumor weight between the control group and the high-dose (200 mg/kg) linalool treatment group was significant (Figure [3B](#F3){ref-type="fig"}). No changes in the mean body weight and serum AST and ALT levels among the three groups were detected (Figure [3C](#F3){ref-type="fig"}). Skin damage, hair loss, intestinal bleeding, and other abnormal symptoms were not observed in any of the three groups. These results demonstrated that linalool exhibited an anti-proliferation effect on transplanted human cancer cells without significant weight loss or damage to organs.

![Changes in mouse tumor size and weight after drug administration. A: The pictures show the size of the tumors in each group. Upper: control group. Middle: 100 mg/kg linalool group. Lower: 200 mg/kg linalool group. As concentration of linalool increased, the xenografted tumor size decreased macroscopically; B: Tumor weight after removal showed a significant decrease in the group of 200 mg/kg administration, compared to that of control group \[expressed as geometric mean, *n* = 5 (control), 5 (100 mg/kg linalool), 6 (200 mg/kg linalool)\], ^a^*P* \< 0.05 *vs* control group; one-way ANOVA followed by Dunnett's test); C: No significant change was detected in serum AST and ALT level in each group; values are expressed as mean ± SD, *n* = 5 (control), 5 (100 mg/kg linalool), 6 (200 mg/kg linalool).](WJG-22-9765-g003){#F3}

Linalool induces cancer-specific oxidative stress and apoptosis
---------------------------------------------------------------

An oxidative stress assay was performed to further confirm the mechanism of the apoptotic effect of linalool. ESR spectroscopy was performed in HCT 116 and CCD18Co cells using DMPO as a spin-trapping reagent. The signal intensity of DMPO reflects linalool-induced hydroxyl radical production. Cancer-specific signal intensity gain was observed only for 500 μmol/L linalool 30 min after treatment (Figure [4A](#F4){ref-type="fig"}), which was diminished at an earlier time point (10 min) and at later time points (1 and 2 h). The signal intensity of control is shown in (Figure [4B](#F4){ref-type="fig"}). There was no gain in signal intensity for CCD18Co cells at any time point (data not shown). The DPPP assay was performed to detect lipid peroxidation as green fluorescence on the cell surface. Linalool induced HCT 116 cell membrane lipid peroxidation(Figure [4C](#F4){ref-type="fig"}), whereas the signal was not observed without linalool(Figure [4D](#F4){ref-type="fig"}). CCD18Co also showed no lipid peroxidation by linalool (data not shown).

![Oxidative stress assay *in vitro*. A: Electron spin resonance (ESR) spectroscopy performed 30 min after linalool treatment. The signal intensity of 1:2:2:1 suggests generation of hydroxyl radical, the strongest reactive oxygen species (ROS); B: The signal of HCT 116 without linalool at the same time period; C: Diphenyl-1-pyrenylphosphine (DPPP) assay performed to detect lipid peroxidation showed that linalool induced cell membrane lipid peroxidation as green fluorescent on the cell surface(white arrow); D: The cell membrane lipid peroxidation was not observed in without linalool treatment group.](WJG-22-9765-g004){#F4}

Histological analyses of mouse tumor samples demonstrated a reduction of cancer cells and a relatively large area of necrotizing tissue inside the tumor. Immunohistochemistry for 4-HNE, which is a marker of oxidative stress due to increased lipid peroxidation, revealed an accumulation of 4-HNE in tumors from the high-dose linalool group compared to tumors from the control group. However, no significant difference in 4-HNE accumulation in stomach or liver tissues was observed between any of the groups (Figure [5](#F5){ref-type="fig"}).

![Oxidative stress assay *in vivo*. Although accumulation of 4-hydroxynonenal (4-HNE) was observed in the tumors from the high-dose linalool group, it was not observed in stomach or liver tissues, except for the physiological accumulation (black arrow) of 4-HNE near the basal membrane of the stomach.](WJG-22-9765-g005){#F5}

These results revealed that linalool induced cancer-specific oxidative stress that was first induced in the form of hydroxyl radical production, followed by lipid peroxidation, and exhibited a selective anticancer apoptotic effect.

DISCUSSION
==========

In this study, we have demonstrated for the first time that the rapid induction of ROS by linalool as a trigger of subsequent apoptotic cascade *via* lipid peroxidation with living-cellular ESR technique. We also revealed that this mechanism was cancer specific and significant weight loss or damage to normal organs were not observed in the human cancer xenografted mice with oral administration of linalool. These results raise the possibility that linalool is applicable as a new resource for cancer therapy.

The anticancer activity of some essential oils from various plants has received substantial attention in recent years because these essential oils are likely to serve as new sources of chemotherapeutic drugs\[[@B25]\]. Existing chemotherapeutic agents exert cytotoxic effect not only on cancer cells but also on normal cells, and various side effects are observed. In contrast, some essential oils exhibit maximum efficacy against cancer cells and cause minimal toxic effects in normal cells\[[@B26]\]. The elucidation of the mechanism by which these essential oils exert the anticancer effect possibly contribute to the improvement in survival rate and quality of life (QOL) of cancer patients. Monoterpenes are non-nutritive dietary component found in the essential oils of citrus fruits, mints and herbs and belong to a group of chemical compounds named "terpenes", representing a group of natural compounds whose basic structure consists of two linked isoprene units, which are formed by a 5-carbon base each\[[@B27]\]. Linalool is an acyclic monoterpenoid alcohol with a chemical formula of C~10~H~18~O and molecular mass of 154.25 g/mol, and has widely been used for its fragrance and odorant qualities in cosmetics, soaps, and perfumes. It is an inexpensive, familiar, and well-known chemical with little toxicity for a human body. According to the aforementioned references, there are three phenomena as anticancer activities of linalool: apoptotic effect\[[@B11],[@B13]\], induction of oxidative stress\[[@B12],[@B14]\], and immunomodulation\[[@B15]\]. However, its underlying mechanism and the reason why linalool exerts cancer selective cytotoxicity have not been confirmed. Therefore, we focused on the detection of instant reactive oxygen species (ROS) production by using ESR spectroscopy.

Free electrons of ROS align with their low energy status (βspin) or high energy status (αspin) in an external magnetic field. A transition between low- and high-energy states may occur when sufficient microwave energy is absorbed\[[@B28]\]. An ESR spectrum is obtained and recorded by observing variations in magnetic field strength at a fixed microwave frequency. ROS are generally present at low concentrations and very reactive, and the use of spin-trapping reagents solves these problems. The ESR spin-trapping technique involves the use of chemical species called spin traps, which react with short-lived free radicals to form relatively stable adducts with a half-life that is adequate to observe the ESR spectrum\[[@B29]\]. This study used DMPO as a spin trap to specifically detect hydroxyl radicals with a signal intensity of 1:2:2:1\[[@B29]\]. Furthermore, more than 90% of intracellular ROS are generated from mitochondria, and these ROS peroxidize lipids at the same location and produce HNE around the mitochondria, which leads to apoptosis\[[@B30]\]. ROS was detected almost immediately and directly after treatment by using an ESR system. The findings of our *in vitro* experiments following ESR signal detection are consistent with the aforementioned findings, which means that ROS generation, as a sign of apoptosis of cancer cells. The result of our study indicates that detection of ROS by ESR is applicable to the screening and therapeutic evaluation of anticancer agents.

The results obtained from this study showed that linalool has distinct roles in lipid peroxidation in cancer and other tissues such as the stomach and the liver. It has been described that such a cancer selective effect probably depend on the redox state of the cell\[[@B31]\]. The cancer cellular concentrations of ROS used to be higher than that of normal cells because the cancer cellular metabolism is completely different: it is well known as the Warburg effect\[[@B32]\]. Under such condition, cancer cells should have a higher ability for ROS regulation as its survival strategy\[[@B33],[@B34]\]. This is a reason why cancer cells can endure the oxidative stress environments. In addition, one recent study reported an inhibitory effect of linalool on mitochondrial complexes I and II, the electron transport, followed by mitochondrial derangements and cell death in HepG2 cells\[[@B12]\]. Thus, the difference of the redox, metabolic, and mitochondrial states between the cancer and normal organ tissues might be responsible for linalool's selective oxidative stress induction and selective cytotoxicity to cancer cells. Although we focused on the instant generation of ROS using ESR, which produced complementary findings, further studies are required to establish the strategy to produce a state of selective oxidative stress in cancer cells.

In conclusion, we demonstrated that linalool induced apoptosis of human colon cancer cells *via* cancer-specific oxidative stress, which was detectable as an ESR signal. The further utilization of ESR can reveal novel uses for natural compounds, such as linalool, as new, cost-effective cancer therapies.
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Background
----------

Colorectal cancer is a major public health problem, and its mortality is very high globally. Chemotherapy is the most effective treatment for colorectal cancer, but the problems of side effects and high costs remain unresolved.

Research frontiers
------------------

There is a growing interest in the search for the cancer preventive or therapeutic potential of natural compounds, which are not expensive and exhibit few side effects. Linalool is a monoterpenoid alcohol that is present abundantly in red wine and coriander and exhibits anticancer effects in some types of human cancer. However, the mechanisms of this effect are not clear.

Innovations and breakthroughs
-----------------------------

The authors focused on the detection of instant reactive oxygen species (ROS) production using electron spin resonance (ESR) spectroscopy, which is a highly sensitive and definitive method for the detection of short-lived ROS. We revealed that the first sign of apoptosis in cancer cells induced by linalool may be detected almost immediately and directly after treatment by using an ESR system. This result is an important finding for the screening and therapeutic evaluation of new anticancer agents.

Applications
------------

This study was designed to evaluate the anticancer mechanisms of linalool on human colon cancer cell lines for the development of new effective anticancer strategies.

Terminology
-----------

Linalool is an acyclic monoterpenoid alcohol with a chemical formula of C~10~H~18~O and molecular mass of 154.25 g/mol. Approximately 12000 T of linalool is produced for the industrial use annually, and its natural biosynthesis through plants, primarily herbs, trees and fruits, is higher by dimension. More than 95% of synthetic linalool is used for its fragrance and odorant qualities in cosmetics, soaps, and perfumes, and only approximately 1% is added to food and beverages for aroma and flavoring. Linalool is an inexpensive, familiar, and well-known chemical with great prospects for medical application.
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